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Abstract 
We report an observation of room temperature magnetodielectric (RTMD) effect in 
LaGa0.4Mn0.6O3+γ. Results of frequency dependent magnetoresistance (FDMR) measurements 
discards the possibility of any magnetoresistive contribution in the observed MD effect. The 
intrinsic nature of MD coupling has been validated/evidenced by means of magnetic field 
dependent Raman spectroscopy and explained in terms of modified volume strain governed 
by magnetic field induced rerotation of spin coupled Mn-orbitals. Ultimately, present RTMD 
effect is attributed to magneto-compression/magnetostriction associated with spin-phonon 
coupling as evidenced in the form of magnetic field induced hardening of symmetric 
stretching (SS) MnO6 octahedral Raman modes. Presently studied Mn doped LaGaO3 can be a 
candidate for magnetodielectric applications. 
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Introduction 
Magnetoelectric (ME)/ magnetodielectric (MD) materials are of very high research 
interest due to their potential possible applications and interesting physics
1–14
. The ME effect 
i.e., intriguing coupling of magnetization (electric polarization) with external electric field 
(magnetic field), opens new possibilities in microelectronic storage systems. For example, 
making of ME-random access memory (ME-RAM) can tremendously improve its storage 
efficiency by reducing the time and power consumption required for ‘reading and/or writing’ 
operation of data
8
. In existing dynamic (DRAM) and magnetoresistive counterpart (i.e., 
(MRAM)), such ‘read/write’ operations are relatively very slow and more power consuming8. 
The MD phenomenon/terminology is observationally distinguishable from ME effect as it 
represents magnetic field induced change in capacitance i.e., dielectric permittivity (ε′), 
whereas, ME effect presents electric (magnetic) field induced change in magnetization 
(electric polarization). In literature, MD is termed also as magnetocapacitance (MC). 
Observation of MD effect has been reported in different single phase materials 
15–19
. But, this 
effect is witnessed below room temperature (RT). For example - 3% (change in ε′) with H = 
0.2 T below 30 K in Tb3Fe5O12 
20
, 13% at 0.5 T and 10 K in Y3Fe5O12 
21
, 1% in CaMn7O12 at 
10 K 
18
, at 25 K in EuMnO3 
22
, at 230 K in CuO 
23
, at 28 K in TbMnO3 
15
, and also in other 
MD materials 
6,24–26
. However, for MD effect to be used at device level, only MD materials 
exhibiting this effect near/at RT and with intrinsic nature are important. It is vital to note that 
observation of ME coupling needs recording the effect of an electric field on magnetization 
or, conversely, that of a magnetic field on ferroelectric polarization. A difficulty arises in 
both of these situations, as many of the contenders (especially perovskites having transition 
metal (TM) ions with mixed charge states) for being magnetoelectrics are indeed poor 
insulators, which makes it difficult for them to sustain such a high electric field necessary for 
realizing the effect i.e. to switch (align) the polarization (dipoles) 
6,7,10,27–29
. By keeping this 
in view, a relatively simple and widely accepted alternative method is used; in which, 
dielectric constant (ε′) is measured as a function of applied magnetic field (H). The 
intrinsicality of MC observed through this indirect approach, is always a major concern, 
because, in many materials, it appears without any intrinsic ME coupling
1,6,7,30–34
. Generally, 
in such systems, MC arises due to extrinsic artifacts like magnetoresistance (MR)
1,6,7,30–34
. As 
far as intrinsic MD coupling is concern, ideally it can be realized in a material with 
magnetically switchable net electric dipole moment and such systems are barely formed 
35
. 
Nonetheless, it can be achieved by making a compound which expands/shrinks in response to 
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an externally applied magnetic field as the ε′ or ultimately capacitance C, is directly related to 
sample’s dimensions by following relation- 
d
A
C                                               (1) 
where, C is the capacitance of a dielectric material, A the area and d is he thickness of 
dielectric. By keeping this alternative in view, presently, LaGaO3 (LGO) is doped with Mn at 
Ga site with an expectation of RT (near RT) MD coupling because, the strain evolved due to 
significant difference in Ga-O (1.97 Å) and Mn-O (2.18Å long bond/1.90Å short bond) 
distances
36
, is supposed to be magnetically switchable as the field transforms
36
/rerotates
13
 Mn 
spin moments and hence the Mn-orbitals
13,36
 (magnetic field induced re-rotation of spin 
coupled Mn-orbitals is possible
13,36
, as in such systems spin and orbital degrees of freedoms 
are strongly coupled with each other). This magnetically switchable 
rerotation/retransformation of Mn-orbitals
13,36
 may result into shrinking/expanding of 
material (A/d, in equation (1)) and hence, may result in an intrinsic MD effect. The 
composition LaGa0.4Mn0.6O3 was prepared purposefully, because, across Ga:Mn ratio of 
60:40/40:60, in LaMn1-xGaxO3, two different phases (orbitally, disordered O-phase  and 
ordered O′-phase) appears within the Pbnm orthorhombic structure
37,38
 and Lawes et al.
39
 
have suggested that significant MD response may appear near a phase change, therefore, a 
significant MD coupling can be expected in LaGa0.4Mn0.6O3 sample.  
Experimental 
For present study, Polycrystalline samples of LaGa0.4Mn0.6O3 was prepared through 
conventional solid-state reaction route by following the process described in previous reports 
on Mn and Fe doped LGO 
40,41
. The purity of structural phase is validated by using x-ray 
diffraction (XRD) experiments carried out in angle dispersive mode using Huber 5020 
diffractometer at BL-12 XRD beam line on Indus-2 synchrotron radiation source. XRD data 
is refined by using Fullprof Rietveld refinement package
42,43
. For further measurements, these 
single phase powdered samples were pelletized at a pressure of 15 ton to form 1 mm thick 
circular discs of 12 mm diameter. These pellets were sintered in air at 1400 
º
C for 24 hours. 
Further, after being coated with silver paint these pellets were fired at 300° C for 30 min. For 
all as prepared pellets, RT capacitance and FDMR (i.e., magnetic field dependent change in 
real and imaginary parts of impedance) are measured in the absence and presence of magnetic 
field by means of a precision impedance analyzer. These measurements were performed by 
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applying an oscillator voltage of ±1 V and the data was recorded for probing frequencies 
ranging from 30 Hz to 1MHz. The direction of applied magnetic field (H) was kept along the 
applied electric field to ensure the complete absence of contributions, which, may arise in 
MD measurements due to Hall-effect geometry. Oxygen stoichiometry, Mn charge state and 
Mn
3+
/Mn
4+
 ratio in LaGa0.4Mn0.6O3 were estimated through iodometric titration method 
followed by calculations using charge neutrality condition (details are given in supplemental 
material (SM)). The magnetic field dependent RT Raman spectra on highly dense pellet   
were recorded from 300 to 1200 cm
-1
 by using a Horiba Lab RAM high-resolution (~0.4 cm−
1
) micro Raman spectrometer in confocal mode equipped with 30 mW air cooled He-Ne laser 
(632.8nm) as the excitation source and a charge-coupled device (CCD) detector. The spectra 
were recorded by using 50x standard objective with a spot size of ~5 μm whereas the laser 
power was kept at 15 mW.  
Results and discussions  
Figure 1 shows the refined powder XRD pattern for polycrystalline sample of 
LaGa0.4Mn0.6O3. This XRD pattern is refined with the help of Fullprof package by 
considering orthorhombic structure with Pnma space group 
40
. The value for the goodness of 
fit (i.e., χ2) was found to be 1.46. The absence of any unaccounted peak in the refined XRD 
pattern, confirms the phase purity of prepared sample. In order to check the oxygen 
stoichiometry of presently studied LaGa0.4Mn0.6O3 sample, iodometric titration experiments 
44
 
have been carried out. The sample were found to be oxygen off-stoichiometric with some 
excess oxygen (i.e., coexistence of Mn
3+
and Mn
4+
). In LaGa0.4Mn0.6O3+γ, the value of γ is 
found to be 0.042.  With this value of γ, the charge state of Mn and percentage of Mn3+and 
Mn
4+
 in LaGa0.4Mn0.6O3.042 (LGM6O) has been calculated by using the charge neutrality 
condition (SM). As a result 86% of total Mn is found to be present in 3+ state and remaining 
14% is Mn
4+
, whereas the charge state of Mn in LGM6O has been estimated as 3.14 (SM). 
The coexistence of Mn
3+
 and Mn
4+ 
has been supported through XANES measurements (as the 
charge state determination  by means of XANES is already being used 
40,45–48
) carried out at 
Mn K-edge energy of 6539 eV. The value of Mn charge state and concentration of 
Mn
3+
/Mn
4+ 
(for LGM6O) determined through titration, have been found closely consistent 
with XANES results. Note that, to further validate the oxygen excess, neutron diffraction 
measurements will be very useful as the oxygen excess in LaMnO3.12 has already been 
studied by using neutron diffraction data 
49,50
 and explained in terms of cation vacancies 
49,50
. 
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Figure 2 shows the RT frequency dependence of capacitance and MC% (={(C(H=2.35 T)-
C(H=0 T))/( C(H=0 T)}x100) for LGM6O. This data is recorded in the absence (H=0 T) and 
presence (uoto H=2.35 T) of magnetic field. Similar, frequency dependent dielectric 
behaviour under zero magnetic field, has already been discussed in detail elsewhere
40
 for 
LaGa1-xMnxO3 (x=0, 0.05, 0.1, 0.2 and 0.3). As far as present magnetic field dependent data 
is concern, the C is found to be decreased over the entire range of probing frequencies due to 
the application of magnetic field (H=0T to H=2.35T) as depicted in Figure 2 and its inset. 
Further,  the MD effect is expected to be MR free or intrinsic when it is measured at probing 
frequencies corresponding to grains contribution (generally at ≥ 100 kHz) 7,40,51. Since, at 
such high probing frequencies, the hopping charge transport (common in perovskites having 
Mn ions with mixed valence) gets supressed as the carriers have no chance to jump between  
hopping cites
7,40,51
 (presently Mn
3+ 
and Mn
4+
), therefore, only grain contribution is expected 
over these high frequencies. This is the reason, the MD data recorded around 100kHz or 
higher frequencies, is generally emphasized 
29,52–54
 for MD analysis. Presently, a significant 
RTMD effect (i.e., MC%) of about -3% is observed in LGM6O sample when measured at a 
probing frequency of 1MHz (Figure 2). Since MC% is negative, presently observed MD 
effect can be MR affected only with positive MR
1,7,55
.The magnitude of MC% (red curve in 
Figure 2) is comparable with the MD effect reported by others at same/lower probing 
frequency in different materials
18,53,55–57
, but, with the application of equivalent
57
/relatively 
higher magnetic fields 
18,53,55–57
. It should be noted that the presently observed MC% is well 
above the sum of instrumental and statistical error bar, even at the highest probing frequency 
(1MHz). As far as magnetic field dependent dielectric loss (tanδ) of LGM6O is concern, 
opposite to C (ε′), tanδ increases over the entire range of probing frequency due to the 
application of magnetic field as shown in the main panel and corresponding insets of Figure 
S1(SM). The application of magnetic field makes electron hopping (via double exchange) 
easier, between Mn
3+
 and Mn
4+
, consequently, ‘Mn
3+
/Mn
4+’ dipoles start oscillating with a 
higher frequency
40
 and hence low frequency tanδ-anomaly corresponding to this 
characteristic frequency is observed to be shifted towards higher frequency side due to the 
application of magnetic field (Figure S1 of SM). Further, as this magnetic field mediated 
hopping transport of electron can increase conductivity σ, hence, according to tanδ=(ωε′′+ 
σ)/ωε′, the loss tangent is increased over the entire range of probing frequencies (Figure S1 
and corresponding insets in SM) due to finite magnetic field. The trend of magnetic field 
dependent MC% and tanδ are opposite and indicate a positive and negative dc MR 1,7,55, 
providing contradictory information. However, as the MD measurements are performed by 
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applying an electric field with varying frequency upto MHz or even higher range
1,6,8,29–
34,54,55,58–62
. Thus, to get a better insight about the contribution of MR in the presently 
observed MD effect, FDMR (20 Hz to 1 MHz) has been analysed by means of MRIS (MR 
via impedance spectroscopy) measurements. These RT measurements are performed in the 
absence (H=0.0 T) and presence of magnetic field (uoto H=2.35 T) to record the real (Z′) and 
imaginary (Z′′) part of impedance. The data of these MRIS measurements is shown as a Cole-
Cole (Nyquist) plot 
40
 in Figure 3. It is clear that at frequencies ≤105Hz, the resistance (Z′) 
and reactance (Z′′), both are decreasing significantly due to external magnetic field (upto 
H=2.35T) which signifies negative FDMR over these probing frequencies. Whereas, at 
frequencies ≥105Hz, neither part of impedance is changing significantly due to the 
application of external magnetic field (upto H=2.35T). It is important to note that this 
negative FDMR is not affecting the negative MD effect observed in LGM6O (Figure 2), 
because, any kind (dc or ac) of negative MR, leads to a positive MD response
1,7,55
. Thus, it 
seems that the MD coupling in LGM6O (Figure 2) is completely MR unaffected and very 
strong too as it is appearing by suppressing the effect of negative FDMR even at low 
frequencies. This is the reason, the identification of different segments (corresponds to space 
charge polarization (SCP), grain boundary (GB) and grains)
63
 in case of LGM6O was not 
required and hence the corresponding Z′-Z′′ data has not been fitted. Ultimately, unlike to the 
consideration of trends convention by Mao et al.
55
, even with capacitance and tanδ changing 
oppositely due to magnetic field, LGM6O exhibits RTMD effect without any resistive 
contribution over the entire range of probing frequencies. Thus, unlike to the consideration by 
Mao et al.
55
, we propose that only trends of magnetic field dependent changes in capacitance 
(or ε′) and tanδ are not sufficient to correctly estimate/analyse the contribution of MR in 
MC%. Further, the MD response is recorded through electrical measurements, therefore 
appearance of FDMR at low frequencies (though it is not affecting MD coupling) is 
understandable. However, magnetic field dependent measurements using non-electrical 
characterization techniques (where, electrical resistance does not contribute in signal) may 
provide additional and concrete information about the intrinsic nature and mechanism of MD 
coupling in presently studied sample. Thus, magnetic field dependent Raman spectra for 
LGM6O were recorded between 300 to 1200 cm
-1
 and the results are shown in Figure 4. 
Similar to most of the manganitelike ABO3 systems, the Raman spectrum is basically 
dominated by the MnO6 octahedral vibrational modes
37,38,64,65
. Using previous conventions, 
the broad features observed around 500 cm
-1
 and above 600 cm
-1 
(Figure 4) were respectively 
assigned as bending (B) or Jahn-teller asymmetric stretching (JT-AS) and symmetric 
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stretching (SS) MnO6 octahedral Raman modes
37,38,66,67
. Interestingly, with the application of 
a very low magnetic field of ≤0.6 T, the peak position of SS mode is found to be significantly 
shifted toward higher frequency side (Figure 4). A shift of 5.1 cm
-1
 between the peak 
positions corresponding to zero field (634.7 cm
-1
) and lowest applied field i.e., H= 0.35 
(639.8 cm
-1
) has been marked with the help of a vertical line and two arrows (Figure 4) 
whereas a forward shift of 7.2 cm
-1
 is observed for highest available field of H=0.6 T(641.9 
cm
-1
). This magnetic field dependent forward shifting is a signature of hardening of SS MnO6 
octahedral Raman modes, indicating compression of material 
37
 due to magnetic field. As a 
result of this volume compression (considering uniform compression for circular pellets), 
presently observed decrease in capacitance i.e., negative MC%, appears justified in 
accordance to relation (1) as in case of a circular pellet (sample) C scales with A (for uniform 
magnetic compression/expansion). As far as the origin of presently observed significant 
negative MC% or magnetic hardening of Raman modes (or magnetic compression) is 
concern, it can be understood as follows. In present LGM6O system 86% of total Mn is in its 
3+ state which is JT distorted 
40,68
 due to that Mn
3+
 forms two long Mn-O bonds (2.18 Å) 
69 
and four short Mn-O bonds (1.90 Å)
69
 with octahedrally connected oxygens. Further, the 
ionic radius of Ga
3+
 (0.62 Å) is a little smaller than that of the Mn
3+
 (0.64Å) 
69–71 
whereas Ga-
O distances (1.97 Å) is slightly higher than Mn-O short bond (1.90 Å) and significantly 
smaller to Mn-O long bond (2.18 Å)
69
. The evolution of orthorhombic strain in LaMn1-
xGaxO3 is already predicted by Farrel et al.
69 
in terms of transformation/rotation of Mn - (3x
2
 
− r2)/( 3y2 − r2) orbital into the (3z2 − r2) state due to the replacement of Mn3+ with Ga3+. The 
evolution of such orthorhombic strain can be considered in present LGM6O sample,   by 
means of alignment of Mn orbitals transforming due to  the replacement of non-JT active 
Ga
3+
 ions with JT distorted Mn
3+ 
ions
69
. Further, as the application of magnetic field (upto 
H=2.35T) aligns/rotates magnetic moments related to Mn ions, therefore, 
readjustment/rerotaion
13
 of already transformed Mn orbitals appears possible (as for such 
correlated systems, spin and orbital degrees of freedoms are strongly coupled) which may 
lead to a change in the above discussed orthorhombic strain (i.e., compression or expansion 
of material; presently compression) and hence in capacitance (or ε′) according to relation (1). 
Conclusions 
In summary, an observation of RTMD effect has been reported in LGM6O. Over the 
entire range of probing frequencies (30 Hz to 1 MHz), the observed MD coupling is 
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completely MR unaffected and very strong too as it appeared by suppressing the effect of 
negative FDMR even at low frequencies. The intrinsic nature of negative MC% has been 
evidenced in terms of magnetic field dependent hardening of SS MnO6 octahedral Raman 
modes (i.e., magneto-compression). Present analysis reveals that only trends of magnetic 
field dependent changes in capacitance (or ε′) and tanδ are not sufficient to correctly 
estimate/analyse the contribution of MR in MC%. The rerotation of spin coupled Mn-orbitals 
under the influence of magnetic field was proposed as the mechanism responsible for the 
compression of material and ultimately for present RTMD effect. As a final remark, we 
propose that the intrinsic MD coupling can be realized in strongly correlated compounds that 
shrink/expand in response to an externally applied magnetic field.   
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Figure Captions 
 
FIGURE-1: Rietveld refined X-ray diffraction data of LGM6O powder sample recorded at 
the Indus-2 synchrotron radiation source. Inset shows magnified view of most intense peak; 
reflecting the quality of fitting.   
 
FIGURE-2: Room-temperature capacitance (measured in the absence (H=0T) and presence 
(upto H=2.35T) of magnetic field) and magnetocapacitance (MC%) as a function of 
frequency. Inset shows the magnified view of data across 1MHz. MC% has been calculated 
by using the formula shown in the Figure.  
 
FIGURE-3: Room-temperature Cole-Cole diagram of LGM6O, plotted for frequencies 
ranging from 30 Hz to 1 MHz. The data is recorded in the absence (H=0T) and presence 
(upto H=2.35T) of magnetic field.  
 
FIGURE-4: Room-temperature Raman spectra of LGM6O, recorded in the absence (H=0T) 
and presence (upto H=0.6T) of magnetic field. A vertical dotted line is drawn to show the 
shifting of SS MnO6 octahedral Raman mode due to the application of magnetic field. The x-
axis intersect of this dotted line represents the peak position (634.7 cm
-1
) of SS MnO6 
octahedral Raman mode under zero magnetic field. The peak position of this SS mode for 
H=0T to H=0.6T are tabulated. 
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(1)   Estimation of oxygen content and  multi-valence of Mn ions in LaGa0.4Mn0.6O3  
 
In order to find out the status of oxygen stoichiometry in presently studied LaGa0.4Mn0.6O3 
compound, iodometric titration experiment has been carried out. For this purpose sodium 
thio-sulphate (Na2S2O3.5H2O) solution is used as titrant whereas the analyte 
(LaGa0.4Mn0.6O3) is dissolved in HCl solution and KI is added in that solution to get an end 
point as a result of redox. The titrant (in Burette) is added drop by drop in the 
Analyte+HCL+KI solution until it becomes colorless (end point). The end point is confirmed 
by using starch as an indicator. The volume of used titrant is recorded. Presently studied 
LaGa0.4Mn0.6O3 compound was found to be oxygen off-stoichiometric with an excess of 
oxygen i.e., LaGa0.4Mn0.6O3+γ, because gamma (γ) has been found to be positive as calculated 
by utilizing the well-known equation of normality (N1V1=N2V2). The value of γ in 
LaGa0.4Mn0.6O3+γ, has been estimated as 0.042. By using the value of γ, the charge state of 
Mn and percentage of Mn
3+ 
and Mn
4+ 
in LaGa0.4Mn0.6O3.042 (LGM6O) has been calculated, in 
following manner, by using the charge neutrality condition.  
 
(i) Mn Charge state (say x)  
For the present sample, by charge neutrality condition,  
02 )042.03(6.0
3
4.0
32
)3(6.0
3
4.0
3  


 OMnGaLaOMnGaLa xx   
Here, 𝑥 is the charge state of Mn in present sample and γ = 0.042 (by titration),  
Thus, 
0)042.32(6.0)4.03()13(  x  
0084.66.02.13  x   
0084.66.02.4  x  
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0884.16.0 x  
6.0
884.1
x  
14.3x   
Thus, through iodometric titration, the charge state of Mn in present sample is found 3. 14. 
 
(ii) Percentage of Mn
3+
 and Mn
4+
  
 
For the present sample, by charge neutrality condition, 
 

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Here, 𝑥 is the amount of Mn4+ in the total Mn present in the sample. 
 
Since, through titration experiment the value of γ is found to be 0.042, therefore, according to 
charge neutrality condition 
 
02 )042.03(
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0)042.32()6.04()]1(6.03[)4.03()13(  xx  
 
0084.64.28.18.12.13  xx   
 
0084.66.06  x  
 
0084.06.0 x  
 
6.0
084.0
x  
 
14.0x   
 
Thus Mn
4+
 is 14% out of total Mn present in the sample whereas remaining 86% is Mn
3+
. In 
this way, the charge state of Mn and percentage of Mn
3+
 and Mn
4+
 has been calculated. This 
estimated Mn charge state (3.14) (and hence the back calculated γ and percentage of Mn3+ 
and Mn
4+
) was found closely consistent with the one determined through XANES 
measurements performed at Mn K-edge energy of 6539 eV.  
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(2)    Room-temperature loss tangent (tanδ) as a function of frequency 
 
 
Figure-S1: Room-temperature loss tangent (tanδ) as a function of frequency (measured in the absence 
(H=0 T) and presence (upto H=2.35 T) of magnetic field) for LGM6O. Insets (i) and (ii) shows the 
magnified view of data across the corresponding range of probing frequencies. 
Note- From application point of view, high loss tangent of LaGa0.4Mn0.6O3.042 can be a factor 
of concern as it can  make difficult for this material to be used in microelectronic devices 
because such devices require a material with very low tanδ (low leakage). In 
LaGa0.4Mn0.6O3.042, as the leakage is associated with the coexistence of Mn
3+ 
and Mn
4+
, the 
value of tanδ can be minimized by making the samples with better oxygen stoichiometry (i.e. 
with Mn
3+
 alone) by means of annealing of the sample in a proper gas environment under 
precisely controlled and calibrated gas flow.  
 
